Cu-Zr thin films electrodeposited on indium tin oxide glasses from aqueous solutions containing potassium sodium tartrate tetrahydrate using rectangular pulse current over a frequency range of 0.5-1.4 MHz were investigated. Resonant frequencies at which the Zr content in the Cu-Zr thin films was maximum were identified using energy dispersive X-ray spectroscopy. A resonant frequency interval between the neighboring resonant frequencies was 0.26 MHz on average. The resonant frequencies and resonant frequency interval were explained in terms of an energy level transition between the Fermi energy level of electron in the indium tin oxide and quantized rotational energy level of a complex ion comprising Zr and tartaric ions in the aqueous solution. X-ray diffraction analysis confirmed that the Cu-Zr thin film was an alloy composed of Cu and Zr. Surface images of the Cu-Zr thin film observed using scanning electron microscopy indicated an aggregation of cauliflower-like islands consisting of nano-scale grains.
INTRODUCTION
Zr and Zr alloys have attracted research interest because of their physical properties that are useful in various fields, for example, small neutron capture cross section for nuclear fuels [1] , corrosion resistance [2] , dopant activity in oxides [3] [4] , easy conversion from Zr to zirconia [5] [6] , and solubility in Mg and Al [7] [8] . In addition, a composite comprising Cu and Zr oxide has been demonstrated to increase the corrosion resistance of Cu [9] because the standard electrode potential of Zr is considerably smaller than that of Cu.
Zr thin films are generated by physical vapor deposition [10] , molten salt electrolysis [11] [12] , and sputtering [13] . Electrodeposition is an easy and economical technique to generate metal thin films from aqueous solutions. However, these advantages are absent when molten chlorides are used for Zr electrodeposition at a deposition temperature above 773 K [14] . Since the standard electrode potential of Zr is −1.45 V in thermal equilibrium [15] and hydrogen evolution occurs drastically during Zr electrodeposition, Zr cannot be electrodeposited from aqueous solutions. To the best of our knowledge, there have been very few studies on Zr electrodeposition using aqueous solutions.
We have reported that Al was electrodeposited on an indium tin oxide (ITO) glass substrate from an aqueous solution containing potassium sodium tartrate tetrahydrate when a rectangular pulse current with a megahertz frequency was employed [16] . Several resonant frequencies at which the Al content in Cu-Mo-Al thin films drastically increased were identified and the resonant frequency interval between the neighboring resonant frequencies was 0.2 MHz. An energy level transition between the Fermi energy level of electrons in the ITO glass and a quantized rotational energy level of a complex of trivalent aluminium and tartrate ions was thought to occur.
Zr is electrodeposited from an aqueous solution because the standard electrode potential of Zr is slightly larger than that of Al, −1.66 V [15] . In addition, the resonant frequencies should be identified during Cu-Zr electrodeposition. This is our motivation for the present study.
The aims of the present study are to obtain the Zr content in Cu-Zr thin films electrodeposited from an aqueous solution, to study the resonant frequencies at which the Zr content increases markedly, and to investigate the Cu-Zr thin film surface that appeared like a cauliflower consisting of nano-scale grains. The electrodes cleaned using a wet process were placed parallel to each other in an electrochemical cell filled with solution A, B, or C. The solution was kept at 300 K during the electrodeposition process. Rectangular pulse current with a frequency range of 0.5-1.4 MHz was supplied to the cell by a function generator. A 22  metal film resistor was connected in series with the cell. The rectangular pulse current flowing to the cell was calculated from the voltage drop across the metal film resistor, which was measured using a digital storage oscilloscope. The impedance of the metal film resistor was independent of the frequency below 80 MHz. The amplitudes of the rectangular pulse current were 15 and 27 mA•cm −2 . Figure 1 shows the profile of the 0.6 MHz rectangular pulse current with an amplitude of 27 mA•cm −2 , which was measured during electrodeposition using solution A.
EXPERIMENTAL SETUP
After deposition, the Cu-Zr thin film electrodeposited on the ITO glass was rinsed with distilled water and dried in a vacuum chamber. The Zr content in the Cu-Zr thin film on the ITO glass was calculated using energy dispersive X-ray spectroscopy (EDX; Shimadzu EDX-800). The crystallographic texture of the Cu-Zr thin film was determined using X-ray diffraction (XRD; Rigaku Ultima) analysis with CuK radiation using a conventional -2 diffractometer equipped with carbon monochromators. The surface morphology of the Cu-Zr thin film was investigated using scanning electron microscopy (SEM; Hitachi TM3030). Figure 2 shows the dependence of the Zr content in Cu-Zr thin films on the frequency of the rectangular pulse current for solution A, B, or C. The Zr content was determined using EDX. Table 1 shows a list of the atomic elements detected in the Cu-Zr thin film on the ITO glass. The elements, Si, K, Ca, and In result from the characteristic X-ray excited from the soda glass plate and the ITO. The Zr content in Cu-Zr thin films was calculated using the ratio, content (Zr)/(content (Cu)+content (Zr)). In spite of using solution A, which includes Zr ions, the electrodeposited Cu-Zr thin films have no Zr content regardless of the frequency. In the energy level transition description we proposed, complex ions comprising Zr and tartrate ions, which have quantized rotational energy, are required to be generated in solution A. Solution A contains the lowest Cu ion content among the three solutions. When a tetravalent Zr ion and tartrate ion form a complex, a bivalent Cu ion may be needed. The Cu ion content in solution A may be too low to enhance the formation of the complex ion comprising Zr and tartrate ions.
RESULTS AND DISCUSSION

Cu-Zr thin films electrodeposited at 27 mA•cm −2
The Zr content in Cu-Zr thin films electrodeposited using solution B reaches maximum at specific resonant frequencies. The Cu content in solution B is 2.4 times higher than that in solution A. A periodic change in the Zr content with varying frequency is observed. The resonant frequency interval between the neighboring resonant frequencies is 0.3 MHz on average.
The Zr content in the Cu-Zr thin films electrodeposited using solution C also shows a periodic change with respect to frequency. However, the Cu-Zr films electrodeposited at 0.6, 0.8, 1.0, 1.1, and 1.3 MHz do not contain any Zr. The resonant frequency interval is approximately 0.23 MHz on average.
Thus, in this study, the Zr electrodeposition that is said to be not electrodeposited from an aqueous solution is identified.
We have already reported a periodic change in Ni content in Co-Ni thin films generated on a copper substrate by a rectangular pulse current over a megahertz frequency [17] . The frequency dependence of the Ni content in the Co-Ni thin films was explained by the energy level transition between the Fermi energy level of electrons in the copper substrate and a quantized rotational energy level of complex ions comprising Co, Ni and tartrate ions. The resonant frequency interval of 0.1 MHz between the neighboring resonant frequencies was identified. The resonant frequency is related to a quantum number that defines the quantized rotational energy. As in this study on Co-Ni thin films the resonant frequencies and resonant frequency interval are observed, an analogous energy level transition is thought to occur during the Cu-Zr electrodeposition,
We here define the symbol  as the mole ratio of ( Fig. 2 , we obtain a plot of the average Zr content in Cu-Zr thin films vs.  as shown in Fig. 3 . Figure 3 shows that the average Zr content has a maximum value at =1.73. According to this investigation the generation rate of Cu atoms can be concluded to be much faster than that of Zr atoms because the Cu content in the Cu-Zr thin film is much higher than the Zr content. An increase with the CuSO 4 content in the solution seems to act as an inhibitor of the formation of Zr atoms. On the other hand, an increase in the Zr(SO 4 ) 2 content in the solution enhances the formation of Zr atoms. Thus, the average Zr content in the Cu-Zr thin films has a maximum value. (111), (200), (220), and (311) planes are consistent with those of polycrystalline Cu [18] . No other peaks indicating the presence of other materials are observed. Figures 2 and 4 indicate that the Cu-Zr thin film has a face-centered cubic (FCC) structure and is an alloy composed of Cu and Zr.
We estimate the mean grain size, d using the Scherrer equation [19] , where K is the shape factor,  is the X-ray wavelength, and  is the line broadening at a Bragg diffraction angle  B . We obtain the mean grain sizes of (a) 24 nm and (b) 23 nm from the diffraction peak indexed as the (111) plane in Fig. 4 (a) and (b) using K = 1. SEM images of Cu-Zr thin films in Fig. 5 indicate that the surface comprises islands that have a diameter of approximate ~2 m. According to the calculated mean grain size, the small grains observed in the island have average diameters of 24 and 23 nm in Fig. 5 (a) and (b) , respectively. The island is called a cauliflower [20] . [18] . No other peaks that indicate the presence of other materials are observed. The Cu-Zr thin film is a solid solution comprising Cu and Zr as with the Cu-Zr thin film electrodeposited at 27 mA cm −2 .
The SEM images of Cu-Zr thin films electrodeposited at 0.6 and 1.2 MHz in Fig. 8 indicate that the surface comprises islands of diameter ~2 m. The island that consists of small grains appears like a cauliflower. Using the Scherrer equation and diffraction peak from the (111) plane, we obtain the mean grain sizes of 30 and 22 nm in Fig. 8 (a) and (b) , respectively.
CONCLUSIONS
The Zr electrodeposition from the aqueous solution greater than or equal to the mole ratio =1.73 was identified. The Zr content in the Cu-Zr film at the resonant frequency of the rectangular pulse current indicated a maximal value. The resonant frequency interval between the neighboring resonant frequencies was approximately 0.26 MHz on average. The XRD analysis showed that the CuZr thin film had an FCC structure that includes Zr atoms as substitutional atoms. The Zr content slightly decreases with the amplitude of the rectangular pulse current. SEM images of the Cu-Zr thin films indicated the aggregation of islands that appeared like cauliflowers consisting of nano-scale grains.
